Paper-based devices are an excellent match for low-cost point-of-care testing (POCT) tools. Their userfriendliness, portability, and short time of analysis, coupled with ease of local manufacture make these devices the best option for inexpensive diagnostic testing tools. However, despite all their positive features, these low-cost diagnostic devices must present good performance indicators, such as sensitivity, specificity, and accuracy. We developed and validated a paper-based ELISA for toxoplasmosis diagnosis through the detection of Toxoplasma gondii immunoglobulin G (IgG) antibodies in 100 human serum samples. From among the different ways to define the cut-off value, we chose Youden's J index (cut-off ¼ 21.73 A.U.), which presented a higher sensitivity value. Our paper-based assay presented a sensitivity of 0.96, a specificity of 0.87, and a gray zone comprising 16 samples (AE15% of the cut-off value, with 3 false positive outputs). The accuracy of the test was estimated by using ROC curves (AUC ¼ 0.97). We also created a macro in Microsoft Excel® to estimate the accuracy of the test (m-Accuracy) based on a non-parametric method, which evidenced a value ¼ 0.88, which classifies our test as moderately to highly accurate. We also provide the m-Accuracy macro for download and the paperbased microplate designs for printing, in order to collaborate with the scientific community and facilitate further studies using this platform. The improvement of these diagnostic tools can bring this technology for those who need it, contributing to population health and well-being.
Improved assessment of accuracy and performance indicators in paper-based ELISA † Introduction Enzyme-linked immunosorbent assay (ELISA) is one of the most used assays for diagnostic tests. This immunoassay makes use of antigens or antibodies previously immobilized on the surface of a support, and reports the analyte detection by using specic antibodies labeled with enzymes. This versatile technique allows for distinct experiments, such as capture, sandwich or competitive assays. Paper-based ELISA (p-ELISA) has the same versatility as conventional immunoenzymatic assays, 2 but it presents several advantages over the traditional analytical tools, such as lowcost, portability, low sample and reagent consumption, userfriendliness and analytical exibility, besides a reduced waste generation.
2-4 Colorimetric paper-based outcomes can be digitalized using a atbed scanner or simply photographed using a cellphone camera, and the digital image can be analyzed later offsite by a specialist or processed in real-time by a smartphone application.
3-9 p-ELISA has the potential to be implemented in developing countries and needy regions to diagnose neglected diseases, such as malaria, 10 dengue fever, 11 syphilis, 12 and HIV
13
which demonstrates the applicability and versatility of POCT devices such as ours.
5,8,14-16
Much is said about the advantages related to the costs of these devices, 17 but besides the advantage of their low cost, these POCT tools bring an uncertainty related to their output, being necessary to establish parameters to evaluate their usefulness. The most common approaches involve the assessment of the traditional gures of merit of the method, which includes the limits of detection (LODs), 18 quantication (LOQs), dynamic linear range and analytical sensitivity, or a direct graphical comparison between the reference method (goldstandard) and the new method (the paper-based test, in this case), tting a model to observe if there is a correlation between the methods. 19 However, the graphical analysis by itself is not capable of assessing the real performance of the new test. Moreover, a simple analytical curve and the determination of the conventional gures of merit of the new method (such as LOD and LOQ) will be dealing with negative outcomes, 20 which are not relevant for clinical applications.
Thus, to determinate a safety margin to the outcomes of such low-cost testing devices, it is necessary to assess their performance indicators, 20 such as sensitivity (proportion of diseased people with a positive outcome), specicity (proportion of healthy people with a negative outcome) 21 and the accuracy (proportion of correct classications). 22 Moreover, a critical step for the establishment of a new diagnostic test is the determination of the cut-off value, which will dene the threshold value between healthy and diseased patients.
20,22
Here we discuss these parameters: rst, we developed a paper-based ELISA for detection of immunoglobulin G antiToxoplasma gondii, comparing the results with those of an ELISA benchtop assay (the gold-standard test). Then, we performed a statistical assessment of the performance of p-ELISA using ROC curves (sensitivity, specicity, and accuracy), besides comparing different methods to dene the cut-off value of the test and uncertainty zone of the test (gray zone). Moreover, we bring for the rst time a different approach to estimate the accuracy of the test using a macro in Microso Excel® (mAccuracy), based on a non-parametric method 23 (available for downloading -ESI †).
Experimental

Chemicals and materials
Chromatography paper Whatman® no. 1; Qualitative lter paper 80GR J. PROLAB; Wax Printer Xerox® Phaser 8569; hot plate; GE Image Scanner III; Adobe Photoshop® CS5; Nestlé® MOLICO skimmed milk powder; Tween-20 detergent; protein extract from Toxoplasma gondii (WAMA Products, Ltd., São Carlos, Brazil); sodium carbonate (Synth®); sodium bicarbonate (Synth®); sodium chloride (Synth®); potassium chloride (Synth®); sodium phosphate dibasic (Synth®); potassium phosphate monobasic (Synth®); anti-human IgG-peroxidase antibody produced in goats (Sigma-Aldrich®); 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) liquid substrate, supersensitive, for ELISA ready to use solution (Sigma-Aldrich®); TMB stop buffer (ScyTek Laboratories®); toxoplasmosis IgG ELISA kit (Katal Biotech Commercial Ind., Ltd); human serum samples (Laboratório Médico Dr Maricondi, Ltd). All chemicals were used as received, without any further purication.
Fabrication of paper-based microplates
Paper-based microplates were designed as the conventional 96-well plates, suitable to be used with multichannel pipettes. Sheets of Whatman no. 1 chromatography paper were cut into A4 size and inserted into the Xerox Phaser 8560 wax printer. The patterned papers were heated in a heat press during 2 minutes, at 150 C, in order to melt the wax. The wax patterns delimited the microzones where the reactions could take place, due to hydrophobic characteristics of wax.
24
Paper-based indirect immunoassay protocol Sensitization. The sensitization solution was prepared from a protein extract solution (2.5 mg mL À1 ), originated from the sonication of T. gondii sediment diluted in carbonate-bicarbonate buffer (0.6 mol L À1 , pH 9.6), in a 1 : 10 ratio. Each microzone was sensitized with 5 mL of the sensitization solution. Aer application of the reagents, the paper plate was allowed to dry at room temperature for 30 min. The spotted areas were washed twice with PBS-T buffer (0.01 mol L À1 , pH 7.4) with 0.075% (v/v) Tween-20 detergent, for removal of nonadsorbed proteins. An auxiliary lter paper positioned under the p-ELISA plate removed the excess of washing buffer.
Blocking. The application of blocking solution is necessary to block unoccupied sites during the sensitization step, thereby preventing nonspecic adsorption reactions, which result in false-positive outputs. A solution containing 10% (m V À1 ) of skimmed milk powder and 0.075% (v/v) Tween-20 detergent in PBS buffer was used for the blocking step. The volume of 5 mL of blocking solution was spotted in each microzone, and the device was dried at room temperature. The microzones were washed twice. Sample application. One hundred serum samples from patients with suspected toxoplasmosis (among immunocompromised patients and pregnant women) were kindly donated by Laboratório Médico Dr Maricondi Ltda (São Carlos, SPBrazil). A volume of 5 mL of samples, at a 1 : 20 dilution in PBS-T solution with 1% (m V À1 ) of skimmed milk, was added to each microzone. The paper was allowed to dry for 30 min at room temperature, and then the spots were washed 5 times with PBS-T washing solution, with the excess liquid being removed with an auxiliary lter paper or paper towel. The washing step removes antibodies not bound to the T. gondii antigens, avoiding false-positive outcomes.
Readout. In each zone, we added 5 mL of a human anti-IgG solution conjugated to peroxidase enzyme, at 1 : 1000 dilution in PBS-T solution with 1% (m V À1 ) of skimmed milk powder.
Aer 20 s, the spots were washed 10 times with PBS-T washing solution, removing the excess liquid with an auxiliary lter paper. Aer washing, we added 5 mL of a ready-to-use redox indicator solution of 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) liquid substrate, forming a blue color on the paper zone. The colorimetric reaction was stopped aer 2 min, with the addition of 5 mL TMB stop buffer, which is composed of an acidic solution, such as hydrochloric acid, changing the formed dye color from blue to yellow, due to the protonation of the oxidized form of the redox indicator. The devices were dried at room temperature during 30 min, and then digitalized using a atbed scanner. The images were analyzed using the Adobe Photoshop® soware, converting the digitalized test image to the CMYK color mode, and analyzing the mean pixel intensity at the yellow channel using the histogram tool. Fig. 1 presents a scheme of all steps involved in paper-based immunoassays, from manufacture of the platform to data acquisition. 
Sample analysis by a commercial ELISA kit and comparison of results
The samples (human serum) were also subjected to analysis by a commercially available toxoplasmosis ELISA kit. This test uses recombinant antigen of T. gondii, and the procedure was followed according to the manufacturer's instructions. The commercial microplates were subjected to the blocking step, and the samples were diluted at 1 : 20 ratio with the diluent solution. The spectrophotometric readings were performed using a microplate reader at 450 nm. The spectrophotometric results were compared to those obtained by the paper-based scanner readout.
Statistical analysis
We have compared two methods to determine the cut-off value for the paper-based assay. The rst method makes use of a graph of sensitivity (Se) and specicity (Sp) of the test as a function of cut-off value, which determines the cut-off value by the intersection point between both curves. 25 The second method makes use of Youden's J-index: a graph of (sensitivity + specicity À 1) as a function of cut-off value, which determines the cut-off value by the maximum value in the curve.
26,27
The sensitivity, specicity, and accuracy of the test were calculated using the area under the curve (AUC) of the receiver operating characteristic (ROC) curves, generated by the free soware environment for statistical computing and graphics (R), the R-package "pROC".
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Additionally, we have created a macro in Microso Excel® to estimate the accuracy of the test using a non-parametric method, based on the work of Obuchowski et al. 23 (eqn (1)).
where n is the number of available results in the study, p it is the result of the i-th patient tested with the gold standard t and therefore, p js is the result of the j-th patient's gold standard. The function s(i,j) ensures that the weight w is only assigned if
Then, the weights w are assigned as follows: -w ¼ 1, case t > s and p it > p js or t < s e p it < p js ; -w ¼ 0.5, case t ¼ s and p it ¼ p js ; -w ¼ 0, otherwise.
Results and discussion
Comparison between p-ELISA and the gold standard ELISA showing versatility in clinical applications. The advantages of p-ELISA usage arise due to the paper characteristics, such as capillarity, thinness, lightweight and a large surface area, in comparison with traditional plastic substrates, which facilitates sample absorption and speeds up solvent dryness. These enzymeimmunoassays on a paper platform allow all steps to be performed at room temperature without the use of sophisticated equipment. Additionally, the p-ELISA devices can be manufactured locally in the laboratory meeting the needs of developing countries and needy regions for monitoring neglected diseases. p-ELISA can make use of conventional technologies to digitalize the images, such as a atbed scanner or a camera of a cellphone, and a soware to analyze images (such as the freeware ImageJ -available at: https://imagej.nih.gov/ij/), with a total approximate cost of $ 100.
2 With the continuous studies in the area, paper-based analytical devices should provide as good results as the conventional tests do, with the benets of low-cost, simplicity and user-friendliness.
The wax printing technology to fabricate paper-based devices is the simplest and most versatile way to create distinct patterns on paper, presenting great efficiency in the creation of hydrophobic barriers to contain reactions inside the testing zones ( Fig. 2A and B) , which avoids cross-contamination.
Considering the volume spent on carrying out the assays, the p-ELISA presents great advantage over the commercial ELISA tests. While p-ELISA uses 5 mL per step and per spot, conventional ELISA requires a minimum of 100 mL per step and per spot (Fig. S1 -ESI †) . The low reagent and sample consumption is an attractive feature to neglected disease diagnosis due to the overall low-cost, besides generating less biological waste.
Regarding time requirements for carrying out the assays, the paper-based method also presents advantages over conventional tests. p-ELISA requires 20 min for each step, and 20 s incubation with secondary antibody (anti-human IgG), thus requiring around 60 min to complete the whole process. ELISA testing, on the other hand, requires over 300 min to complete the assay (Fig. S2 -ESI †) , which is ve times longer than this low-cost alternative.
In terms of costs, a p-ELISA microplate costs only US $ 0.10, against US $ 5.00 for a conventional ELISA plate (Fig. 2C) . Thus, considering individual assays, our p-ELISA for toxoplasmosis diagnosis presented a cost of $US $ 0.34 per assay, against $US $ 0.92 per assay for the conventional ELISA assay (Fig. 2C) . When we analyze costs per step, p-ELISA devices presented smaller costs than the conventional ELISA mainly in sensitization and revealing steps, resulting in a total cost difference of $$ 55.00. Moreover, the high cost associated with the ELISA microplate reader results in a larger price discrepancy between the conventional immunological technique and the paper-based assays.
Performance assessment of paper-based ELISA
It is important to emphasize that our discussion is focused more on the clinical aspects of the method rather than an analytical approach, and we are willing to bring this discussion to the analytical chemistry community. This means that the terms sensitivity and specicity do not correspond to the slope of a calibration curve nor to the ability to detect one species in the presence of others, respectively, but to the number of false negatives and false positives that the test provides. It also means that an analytical curve and the denition of the gures of merit of the method are not mandatory for comparison of assays, provided that a gold standard is one of the objects of study. Moreover, the validation of immunoassays requires the denition of the cut-off value, sensitivity, specicity, accuracy and gray zone, parameters which are not provided by an analytical curve. The cut-off value is used as the threshold to differentiate sick from healthy patients. 27, 30, 31 The gold-standard ELISA bench kit used in this study for toxoplasmosis diagnosis presented a cutoff value at an absorbance of 1.0 and a condence interval of AE10% (described by the manufacturer in the diagnostic kit label). This means that samples presenting an absorbance value below 0.9 were classied as negative, above 1.1 were classied as positive, and the rest situated between these values (0.9 < Abs < 1.1) were classied as uncertain (gray zone).
One hundred human serum samples were tested using the gold-standard ELISA bench kit, in which 62 samples were classied as positive, 33 as negative and 5 were classied as uncertain.
During the development of a new diagnostic test the determination of the cut-off value is necessary. A common approach is to plot a graph of sensitivity (Se) and specicity (Sp) as a function of cut-off, and the intersection point between both curves is chosen as the cut-off value. 25 By using this method, we have obtained a cut-off of 24.74 A.U. (arbitrary units from the mean pixel intensity of the yellow channel), with a specicity ¼ sensitivity ¼ 0.87 (Fig. 3A) .
A second method involves a plot of Youden's J-index (where J ¼ specicity + sensitivity À 1, and ranges from 0 to 1) as a function of cut-off, being the highest point of the curve chosen as the cut-off value of the test. 26, 27 By using this method, we have obtained a cut-off of 21.73 A.U., with sensitivity ¼ 0.96 and specicity ¼ 0.87 (Fig. 3B) .
It is relevant to underline that in Fig. 3A there is a region in between 19 to 24 A.U. in which the specicity of the test remains unchanged, while the sensitivity presents a sharp drop. It would be possible to choose an arbitrary point in this region in which both sensitivity and specicity are as high as possible. However, it is not advisable to dene an arbitrary cutoff value for a diagnostic test. When Youden's J-index is used instead, the cut-off value is dened as the highest value for the combination of the variables (exactly in the region in between 19 to 24 A.U.), with the advantage of being a dened point (non-subjective decision), so we have chosen this nonarbitrary method to dene the cut-off value for this diagnostic test. The cut-off value cannot be used directly as a threshold value to separate diseased from health patients: even the goldstandard ELISA bench kit presents an uncertainty zone (0.9 < Abs < 1.1, in the present case) in which it is not possible to dene patient's status. 32, 33 Then, it is necessary to create a three-zone partition to provide a condence interval also for the new diagnostic test: diseased, non-diseased, and an inconclusive outcome region in between, known as the gray zone. 32 Analysis of the positive likelihood ratio (LR+) and negative likelihood ratio (LRÀ) can be used to create this zone, 32, 33 as well as numerical factors on standard deviation (SD), or even a tolerance percentage on the cut-off value.
34-36
Different tolerance percentages on the cut-off value (10%, 12%, 15% or 20%) have showed suitability for the establishment of a gray zone in paper-based immunoassays for detection of tumor markers. 20 We have opted for the later approach, in an attempt of eliminating the largest number of samples classied as false positive or false negative (Fig. 4B-F) . From Fig. 4A it is observed that when no tolerance percentage is used there are 2 false negative and 4 false positive outcomes misclassied by the p-ELISA test. When the tolerance percentage is set to AE10% of the cut-off value (Fig. 4B) , the gray zone encompasses 6 samples (but misses 2 false-negatives and 4 false-positives). When the tolerance percentage is set to AE12% of the cut-off value (Fig. 4C) , the gray zone encompasses 8 samples (still missing 2 false-negatives and 4 false-positives). These percentages (AE10% and AE12% of the cut-off value) were not able to eliminate the false negative outcomes or to decrease the amount of false positives.
However, when the tolerance percentage is set to AE15% of the cut-off value (Fig. 4D) , the gray zone encompasses 16 samples and removes all false negative results, besides reducing the number of samples classied as false positives to 3. A further increase in the tolerance percentage (20% of the cut-off value, Fig. 4E ) presents no advantage over 15%, once it encompasses 23 samples (23% of all tested samples) and misses 3 false-positive outcomes. We have evaluated the best tolerance percentage (AE15%) on the cut-off value determined by the rst method (24.74 A.U.), which resulted in a gray zone encompassing 20 samples, but presenting a false-positive and 2 falsenegative outcomes (Fig. 4F) . These results have demonstrated that the use of the cut-off value determined by Youden's J-index and the tolerance percentage of AE15% of the cut-off value presented the best choice for this assay.
Paper-based ELISA protocols still require optimizations, because of their intrinsic multistep requirements that heavily depend on the operator skills (washing, blocking, and sensing steps). 1, 20 Even though lateral ow immunoassays 14,37,38 and other bioassays carried out in low-cost platforms 39, 40 do not present such requirements, being faster and easier to use, pELISA testing tools overcome these testing tools because they present advantages such as a great multiplexing capacity and improved quantitative outputs, 20 and their low-cost also allows for broad-range screening tests in needy regions. These advantages are attainable only for tests with a high sensitivity (low number of false negative outputs), 41 as those demonstrated by our device aer the denition of its tolerance percentage. Patients with a positive outcome in a screening test are then referred to a health center for further testing. In the case of a false positive output for toxoplasmosis, for example, the clinical center would perform more specic tests in order to conrm the absence of the disease, which does not affect the patient's health. However, when tests present false negative outcomes the individuals do not receive adequate treatment, which allows for disease progression, increased treatment costs and lower chances of success. These scenarios justify a tolerance percentage of AE15% of the cut-off value due to the complete elimination of false negative outputs.
The Receiver Operating Characteristic (ROC) curve is one of the most used tools for the measurement of accuracy of diagnostic tests. 23, 25, 41 The ROC curve is generated by plotting the sensitivity of the test against (1 À specicity), 41 and it requires the classication of the samples by the gold-standard in a dichotomous outcome (1 for positive and 0 for negative).
23,25
There is a comparison between the classication made by the gold standard and the outputs of the new diagnostic test (p-ELISA). 23 However, there are cases in which the gold standard provides a continuous outcome instead of dichotomous outcome, and the common practice is to force the dichotomization of the results, which requires the exclusion of the samples classied in the gray zone area of the gold standard (5 samples in the present case). We used the R-package pROC 28 to obtain the ROC curve for the toxoplasmosis p-ELISA testing of the 95 remaining samples, as shown in Fig. 5 .
The accuracy was calculated using the area under the curve (AUC) of Fig. 5 . The maximum accuracy value is one, which represents a perfect test, and our paper-based immunoassay toxoplasmosis diagnosis presented an AUC ¼ 0.97, dened as a highly precise diagnostic test, close to the maximum accuracy. 23 It is relevant to say that the forced dichotomization of the test with the subsequent exclusion of the samples classied in the gray zone area of the gold standard tends to overestimate the calculated accuracy of the diagnostic assay being evaluated. It is necessary then to compute the samples in the gray zone of the gold standard in order to obtain a more realistic estimate of the accuracy of the new diagnostic test. 23 
Improved accuracy measurements
In order to obtain a more reliable accuracy estimate using all the samples it is necessary to use a non-parametric test, as that proposed by Obuchowski et al. (eqn (1) ).
23 By using such a method, we have created a macro in Microso Excel® to calculate the accuracy of a new diagnostic method (m-Accuracy), and we tested it for our p-ELISA.
The m-Accuracy method compares each sample output with all other sample outputs in both the gold-standard and the new method, analyzing if the variation that occurs in each sample pair in the gold standard method also occurs in the paper-based ELISA. Different weights are assigned according to the event that occurs. In other words, a value of 1 is assigned to a specic pair when the sample with a higher outcome value in the goldstandard also presents a higher value in the new method. If there is no difference in values between a specic pair of samples, then a value of 0.5 is assigned to that pair. If neither of these events occurs, then the model interprets that as a "misleading outcome" and a value of 0 is assigned to that pair. Fig. 6 illustrates the operation of m-Accuracy in a tutorial format.
It is relevant to notice that the use of the m-Accuracy tool becomes very attractive since all samples are used in the accuracy computation, including those within the gray zone of the gold standard, by comparing the results obtained by the gold standard method and the new diagnostic test. Due to the ease of use and more reliable results provided by this tool we provide m-Accuracy for download as part of our ESI. †
Conclusions
There are several advantages of paper-based ELISA assays in comparison with conventional immunological tests, such as: (i) ease of local manufacture; (ii) small consumption of reagents and samples; (iii) short time of analysis; (iv) do not require an expensive microplate reader for data readout, which can be performed by a cell phone camera; and (v) all stages are performed at room temperature, which dispenses the use of refrigeration. All these characteristics allow for the use of this technology in remote locations with scarce resources, which is useful for the clinical management of patients, becoming a great ally of telemedicine. What we evidence here is the need for the determination of the safety margins for these low-cost diagnostic tools. More than that, we want to present here how the evaluation of the performance of a new low-cost diagnostic test should be performed, including the creation of a simple tool to estimate its accuracy. Thus, by creating a p-ELISA for a neglected disease (toxoplasmosis diagnosis using IgG antibodies against T. gondii present in the sample), we performed a statistical evaluation of this new low-cost testing tool, calculating a cut-off value (21.73 A.U.), sensitivity (0.96), specicity (0.87) and gray zone denition (AE15% of the cut-off value, encompassing 16 samples, with 3 false positive outputs), besides an estimate of accuracy by using ROC curves (AUC ¼ 0.97). When we used the non-parametric tool to estimate the accuracy of the test by a macro (m-Accuracy), we have obtained a value ¼ 0.88, which is more reliable than the accuracy obtained just by the ROC curve. The m-Accuracy macro appears as a very attractive tool that can become a trend for accuracy estimation in diagnostic test validation, being able to reach other areas of chemistry. We envision that the use of these tools can improve investigation in the low-cost diagnostics eld, which can bring this technology for those who need it.
